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a b s t r a c t
Muscle development involves a series of morphogenetic events including cell fusion, migration and
epidermal attachment. At various points in this complex developmental program, regulation of muscle–
muscle and muscle-epidermal adhesion is crucial. One of the best-characterised adhesion events is the
formation of stable, integrin-based adhesions at the attachment sites formed between the ends of
muscles and epidermal cells, but other adhesion mechanisms are involved in earlier stages. Here we
review recent work from Drosophila on the role of adhesion during muscle development, situating
integrin function within the wider developmental program.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Cell adhesion is the basis of tissue construction and thus one of
the foundational features of metazoan multicellularity (Richter
and King, 2013). Cells can form tissues by directly adhering to one
another, for example by using transmembrane receptors of the
cadherin or immunoglobulin superfamilies (Halbleib and Nelson,
2006; Shimono et al., 2012). Another means of adhesion is to
attach the cell to the extracellular matrix (ECM), a dynamic, highly
crosslinked mesh of insoluble proteins that has multiple roles
during development (Rozario and DeSimone, 2010). This is pri-
marily mediated by the transmembrane integrin receptors, and
anchors the cell as well as providing an indirect means of cell–cell
adhesion when different cells connect to a common ECM between
them. In addition to integrins, cell-ECM interactions can be
mediated by other transmembrane receptors such as Dystroglycan
(Bozzi et al., 2009) and a complex including ZP domain proteins
that provides adhesion to the apical ECM in arthropods (Bokel
et al., 2005; Brown 2011; Fernandes et al., 2010). The cohesion and
integrity of the tissue is also inﬂuenced by features of the cell’s
cytoplasm and membrane, such as viscosity and tension (David
et al., 2014; Lecuit et al., 2011), that act alongside and inﬂuence
adhesions. All of these features play critical roles in the construc-
tion and maintenance of tissues during development and adult life.
The somatic muscles of the Drosophila larvae provide a paradigm
for the way that adhesion works in tissue construction. Muscle
development involves a series of cell behaviours including cell fusion,
migration and contractility, and many aspects of this process, both in
terms of the genes involved and the cell behaviours they promote, are
well conserved with vertebrates (Schnorrer and Dickson, 2004;
Schweitzer et al., 2010). In terms of adhesion, perhaps the best-
characterised aspect is muscle attachment to epidermal cells or other
muscles. This requires integrin-mediated linkage between the ECM
and the actin cytoskeleton, and allows actomyosin-generated contrac-
tions to be translated into body movement.
Integrins function as heterodimers of α and β subunits that
bind ECM components with their extracellular domains and, with
their short cytoplasmic tails, recruit a suite of intracellular adap-
tors, the integrin-associated proteins (IAPs), that provide a con-
nection to the actin cytoskeleton and a platform for signalling
interactions (Calderwood et al., 2013; Campbell and Humphries,
2011; Zaidel-Bar et al., 2007). There are two β subunits in
Drosophila, the broadly expressed βPS (Leptin et al., 1989) and
the more tissue-speciﬁc βν (Yee and Hynes, 1993), and ﬁve α
subunits, αPS1 through αPS5. Different heterodimer pairs provide
spatial and functional diversity. αPS1βPS binds Laminin (Gotwals
et al., 1994), while αPS2βPS binds ECM ligands that contain an
RGD sequence, such as Thrombospondin and Tiggrin (Fogerty
et al., 1994; Subramanian et al., 2007). In several developmental
contexts these two heterodimers are expressed in a complemen-
tary fashion, for example dorsal versus ventral wing compart-
ments (Brown et al., 2000). The function of certain other
heterodimers has also been explored, for example αPS3βPS in cell
migrations and dorsal closure (Martin-Bermudo et al., 1999; Stark
et al., 1997) and αPS3βν in midgut migration and neuromuscular
growth (Devenport and Brown, 2004; Tsai et al., 2008). Integrins
and IAPs have been identiﬁed as crucial components of multiple
events in ﬂy development, which are well documented in previous
reviews (Bokel and Brown, 2002; Broadie et al., 2011, Brower,
2003; Bulgakova et al., 2012).
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The role of integrins in muscle development was heralded in
1960 with the description of the l(1)myospheroid mutation that led
to the detachment and rounding up of somatic muscles into
‘myospheroids’ (Wright, 1960). Some 30 years later, l(1)myospheroid
was demonstrated to be a mutation in the gene encoding βPS
(Leptin et al 1989; the gene name is now shortened to myospheroid
(mys)). Since then the roles of different integrin heterodimers, IAPs,
and ECM components in attaching the muscles to the epidermis
have been extensively characterised. During the same period,
research into other aspects of adhesion, cytoskeletal regulation
and signalling at all stages of muscle development also advanced,
with the result that the muscles are one of the best character-
ised developmental models in ﬂies (Schejter and Baylies, 2010;
Schnorrer and Dickson, 2004; Schweitzer et al., 2010). In this review
we seek to explore the adhesion mechanisms that contribute to
somatic muscle development. Taking a temporal approach, we start
with those earlier events that do not involve integrins, then delve in
to integrins and IAPs in muscle attachment, and end with a
discussion of adhesion in post attachment stages, and in other
muscle types. We explore how adhesion contributes to muscle
morphogenesis, and highlight the key questions that remain and
the relationship to how adhesion works in other systems.
The many faces of cell adhesion during muscle development
Overview of muscle development
Somatic muscle development begins with a succession of
speciﬁcation events that segregates the ventral mesoderm of the
embryo into two key muscle progenitor cell types, the founder
cells (FCs) and fusion-competent myoblasts (FCMs), as well as the
precursors of the adult muscles that stay quiescent until later
stages (Bate, 1990; Baylies et al., 1998; de Joussineau et al., 2012).
FC speciﬁcation is driven by a combinatorial transcriptional
program that endows the cell with a speciﬁc muscle identity,
dictating features such as the number of fusion events that take
place, the ﬁnal shape of the muscle, and where it makes attach-
ments. Following speciﬁcation, FCs migrate relative to each other
to spatially segregate (Schnorrer and Dickson, 2004), and, begin-
ning at late stage 12 (for stages of Drosophila embryonic develop-
ment, see Campos-Ortega and Hartenstein, 1997), FCMs fuse with
the FC to form the multinucleate myotube, which then elongates
from both ends to target cells in the epidermis, the tendon cells
(Schejter and Baylies, 2010; Schweitzer et al., 2010). Muscle
attachment sites (MAS), are then formed at the ends of the muscle,
both between muscles and tendon cells and end-to-end between
muscles, providing stable adhesion. By the end of stage 16, the
ﬁnal pattern of the larval muscles is achieved, with each of the 30
or so muscles within a single segment showing a unique shape,
position and alignment along the anterior-posterior or dorsal-
ventral body axes. Attachment is followed by the differentiation of
the contractile machinery of the muscles, the sarcomeres (Sparrow
and Schock, 2009), which power movement of the larva once
hatched. Larval life involves a massive expansion of muscle size
while preserving the overall muscle pattern, and metamorphosis
signals the creation of the adult muscles, involving loss of certain
muscles, preservation of others, and the formation of new ones
(Fernandes et al., 1991). Finally, adult muscles themselves must be
maintained to provide an adequate level of functionality (Perkins
et al., 2010). At each stage of this developmental story, the
regulation of muscle–muscle and muscle-epidermis adhesion is
critical. Genes implicated in adhesion during muscle development
and discussed in the text are listed in Table 1, along with their
phenotypes and vertebrate orthologs.
Identity and fusion
Each FC is destined to form a single muscle, with a unique
shape and position within the body wall muscle pattern (Bate,
1990). Muscle identity is determined by a speciﬁc set of transcrip-
tion factors expressed in each of the FCs that act together to
impart muscle-speciﬁc transcriptional programmes (de Joussineau
et al., 2012). The speciﬁc identity genes induced in a given FC is
determined by spatially restricted signalling, including the Notch
and EGFR pathways within each segment (Buff et al., 1998;
Carmena et al., 1995; Carmena et al., 2002), and segment-by-
segment input from Hox genes (Enriquez et al., 2010; Michelson,
1994). Loss of identity genes can result in transformation of muscle
fate and and a subsequent change in morphology (Boukhatmi
et al., 2012; Enriquez et al., 2012; Ruiz-Gomez et al., 1997). As
FCMs fuse with FCs, their nuclei adopt the FC identity gene
expression proﬁle (Dubois et al., 2007; Knirr et al., 1999), bringing
a level of transcriptional homogeneity to the myotube.
Cell fusion involves the merging of separate membranes and is
used in various contexts throughout eukaryotes (Aguilar et al.,
2013), and myoblast fusion in ﬂies has proven an attractive model
system to study this process (Fig. 1A; Abmayr and Pavlath, 2012).
While in vertebrates, cadherins and integrins have been impli-
cated in the adhesion of myoblasts prior to their fusion (Abmayr
and Pavlath, 2012), they are not required for fusion in ﬂies.
Embryos lacking βPS integrin, E-cadherin, or N-cadherin do not
show gross failures in fusion (Dottermusch-Heidel et al., 2012;
Roote and Zusman, 1995; Schafer et al., 2014; Volk et al 1990;
Wright, 1960), although recent work revealed a physical and
genetic interaction between N-cadherin, which is expressed in
both fusing cell types, and the Arf-GEF Schizo/Loner, which is
required for myoblast fusion (Dottermusch-Heidel et al 2012). This
led to the proposal that homophilic N-Cadherin adhesion ﬁrst
helps to establish the cell–cell connection, and then needs to be
removed from the site of fusion to facilitate the process (Fig. 1A;
Dottermusch-Heidel et al., 2012).
Rather than integrins or cadherins, fusion is promoted by
heterophilic interactions between immunoglobulin superfamily
receptors on the FCs and FCMs. Dumbfounded/Kirre and Rough-
est/IrreC are expressed in FCs, while Sticks and stones and Hibris
are expressed in the FCMs (Schejter and Baylies, 2010). These
receptors display analogous behaviours to cadherins and integrins:
upon binding, they promote changes in the cytoskeleton and
membrane via downstream effectors, but in this case to promote
transient adhesion and membrane fusion (Fig. 1A), rather than
stable adhesion. Receptor activation is followed by the activation
of a set of actin and membrane regulators to promote fusion. For
example, an actin focus accumulates at the fusion site of the FCM
under the control of the Arp2/3 complex (Richardson et al., 2007;
Sens et al., 2010), and it has recently been reported that a transient
upregulation of the membrane lipid PI(4,5)P2 might play a role in
directing the actin machinery to the fusion site (Bothe et al., 2014).
Many of the proteins utilised in somatic muscles also regulate
fusion of visceral muscles, although the intracellular regulators do
appear to have context-speciﬁc functions (Rudolf et al., 2014).
The translation of identity into speciﬁc muscle morphology is
an incompletely understood process. One option is for identity
genes to regulate the dynamics of the fusion process: the more
fusion events that occur, the more nuclei the myotube will have
and, in general, the larger the muscle. Two adhesion genes have
been deﬁned as fusion-promoting targets of identity genes
(Fig. 1A; Bataille et al., 2010). Paxillin (Pax) is a multifunctional
adaptor protein involved in the regulation of integrin adhesion
composition via numerous protein interactions (Deakin and
Turner, 2008). During the fusion process, its expression is speci-
ﬁcally upregulated in a set of ventral muscles and required for
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them to undergo the correct number of fusion events (Bataille
et al., 2010). At later stages, Pax colocalises with integrins at MAS
(Yagi et al., 2001), but it has yet to be tested whether its earlier role
in promoting fusion has any link to integrins. A second fusion-
regulating gene uncovered in the study was m-spondin (mspo)
(Bataille et al., 2010), which encodes an ECM that, like Pax, is also
later seen at MAS (Umemiya et al., 1997). While Pax positively
regulates fusion, Mspo is a negative regulator, as loss of its
expression leads to an increase in nucleus number in the dorsal
acute 1 muscle (Bataille et al., 2010; ﬂy muscles are named after
their position and orientation in the embryo, see Ruiz-Gomez
et al., 1997). Nuclear number in the myotube is therefore achieved
by a balance of expression levels of different fusion-regulating
genes that is speciﬁc to each muscle. We are still left with the
puzzle of how these two adhesion genes function to regulate
fusion, particularly considering integrins appear to have no role in
fusion.
Considering identity genes can regulate fusion via transcriptional
activation of adhesion genes, this raises the possibility that they
might also regulate adhesion genes in later stages of attachment.
Alternatively, adhesion gene expression may be uniform in all
muscles. Consistent with the latter hypothesis, all muscles appear
to have the same IAP components at the MAS (Bataille
et al., 2010; Bharadwaj et al., 2013; Brown et al., 2002; Torgler
et al., 2004; Zervas et al., 2001), and integrins are known to be
transcriptional targets of the pan-muscle transcription factor Mef2
(Sandmann et al., 2006). Recent work has however hinted at some
muscle-speciﬁc regulation of adhesion protein levels: mutants
in Sin3A, a chromatin regulator expressed in FCs that may permis-
sively inﬂuence identity gene function, show strong depletion of βPS
speciﬁcally in the lateral transverse muscles as compared to other
muscle types (Dobi et al., 2014). Although this effect may be indirect,
it is tempting to speculate that some aspects of attachment may be
inﬂuenced in a muscle-speciﬁc manner by identity factors.
Migration and elongation
Live imaging has revealed a dynamic series of cell movements in
muscle development (Schnorrer and Dickson, 2004). The ﬁrst takes
place prior to fusion, as FCs move apart from each other; this
Table 1
Transmembrane and intracellular adhesion genes implicated in adhesion during muscle development in Drosophila, listed in order of discussion in the text. Gene symbols are
as in Flybase (www.ﬂybase.org), and, if necessary, the most common protein names were chosen. Vertebrate orthologs were found using literature searches and the OrthoDB





Muscle phenotype Vertebrate ortholog, muscle phenotype?
CadN N-Cadherin Y Embryo None N- and M-Cad. Fusion defects in vitro, not seen in vivo (Charlton et al., 1997; Hollnagel
et al., 2002). Migration defects in ﬁsh (Cortes et al., 2003)
hoip Hoi-polloi N Embryo Failure to elongate NHP2L1. MO led to muscle loss in ﬁsh (Johnson et al., 2013)
kon Kon-tiki Y Embryo Failure to elongate, IFM fail
to attach
CPSG4. None reported
Grip Grip Y Larva Failure to elongate GRIP1. None reported
Git Git Y Pupa Overshooting target sites GIT1. Cardiac hypertrophy (Pang et al., 2011)
Dg Dystroglycan Y Viable None (OE¼MAS
deformation)
Dg. Well-established neuromuscular phenotypes (Bozzi et al., 2009)
mys βPS integrin Y Embryo Detached muscles, lost
sarcomeres
Multiple. β1 mutant mice show defective fusion and sarcomere formation but normal
tendon attachment (Schwander et al., 2003)
mew αPS1
integrin
Y Embryo Detached muscles Multiple. α7 mutant mice show muscle degeneration (Mayer et al 1997), α7 mutant ﬁsh
show muscle detachments (Postel et al., 2008)
if αPS2
integrin
Y Embryo Detached muscles Multiple. α5 chimeric mice show dystrophic phenotypes (Taverna et al., 1998)
rhea Talin Y Embryo Detached muscles Talin 1&2. Fusion defects, loss of muscle organisation and sarcomeres in double KO
(Conti et al., 2009)
Fit 1 Fit 2 Fermitin
1 and 2
N Unknown Detached muscles (double
RNAi)
Kindlins 1–3. Kindlin-2 MO leads to cardiac myoﬁbril detachment from the membrane
(Dowling et al., 2008)
Zasp52 Zasp Y Larva Weak muscle detachment,
no Z lines





Y Embryo Actin detachment from
membrane
ILK. Progressive muscle detachment in mice and ﬁsh (Postel et al., 2008; Wang et al
2008)
stck PINCH Y Embryo Actin detachment from
membrane
PINCH 1 and 2. Progressive heart failure in mice and ﬁsh (Liang et al., 2009; Meder et al.,
2011)
parvin Parvin Y Embryo Actin detachment from
membrane
β-Parvin. Cardiac contractility defects Bendig et al., 2006)
ics Rsu-1 Y Viable
(WB)
None Rsu-1. None reported
Pax Paxillin Y Pupa Fusion defects Pax. Abnormal heart and somite development prior to lethality (Hagel et al., 2002)
Vinc Vinculin N Viable Slight muscle gaps in larvae
of IN(1LR)pn2a




Y Viable Muscle gaps in larvae CAP. None reported.
by Tensin Y Viable
(WB)




Y Viable None (OE¼detachment) FAK. Mouse nulls show failure of mesodermal development (Ilic et al., 1995); implicated
in smooth muscle cell migration (Cheng et al., 2011) and sarcomere formation (Quach
and Rando, 2006)
msk Moleskin Y Embryo /
L1 larva
Mild muscle detachment Importin-7. None reported
Ced-12 Elmo Y Embryo Fusion defects, mild muscle
detachment in hypomorph
ELMO 1-3. ELMO1 implicated in myoblast fusion in mice (Hamoud et al., 2014)
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presumably plays an important role in spatial segregation of the
muscles. The mechanisms controlling this initial phase of migration
are not known, and phenotypes we might expect to result from its
failure – presumably deviations from the ﬁnal muscle pattern,
including muscle clustering and gaps, without muscle loss – have
not been reported. More is known about the long distance migration
of FCs of another set of muscles, the longitudinal visceral muscles.
FCs derive from the caudal visceral mesoderm and migrate anteriorly
on the substrate of the visceral mesoderm (Klapper et al., 2002; San
Martin et al., 2001; Urbano et al 2011). This migration is promoted by
FGF ligands acting as guidance cues (Reim et al., 2012), and requires
integrins in both migrating cells and their substrate: αPS2βPS from
the visceral mesoderm helps construct an ECM on which the cells
migrate, and αPS1βPS/αPS3βPS are required autonomously in the
migrating cells (Urbano et al., 2011). Considering this is a long
distance migration event, it may require a different migration
machinery to that utilised by the somatic muscle FCs in their initial,
short distance migration.
As the somatic myotube grows due to successive fusion events,
it elongates toward its target sites, in a manner thought to be
guided by chemoattractant signals released from the tendon cells.
This event is interchangeably known as myotube elongation and
migration, but differs from other cell migration events in that it is
bipolar: each end of the muscle migrates in the opposite direction
(Fig. 1B), and the cell in general does not translocate in one
direction (Schnorrer and Dickson, 2004; Schweitzer et al., 2010).
Elongation can be asymmetrical, as respective target sites at each
end are not always the same distance away, and, like other
migration events, involves the formation of extensive ﬁlopodia.
The ﬁlopodia are seen at either end of the muscle, a cell with
two leading edges (Schnorrer and Dickson, 2004). Myotubes in
Drosophila primary cultures also elongate and often form bipolar
structures, suggesting that while guidance cues are undoubtedly
important, there is a cell-intrinsic component to this behaviour
(Bai et al., 2008). In other cases, deviations from bipolarity have
been observed. Triangular muscles are observed in certain mutant
Fig. 1. Mechanics of fusion and elongation in early muscle development. (A) Fusion competent myoblasts (FCMs) fuse to founder cells (FCs) to form the myotube. At the
membrane, pre-fusion adhesion is mediated by receptors if the immunoglobulin superfamily (Ig), and Ig receptor activation promotes fusion by alterations to the
cytoskeleton and membrane. N-Cadherin may need to be cleared to promote fusion. In the nucleus, muscle-speciﬁc transcription factors control the number of fusion events
that occur by regulating expression of fusion-regulating genes. Two examples are the adhesion genes paxillin (promotes fusion in muscles including ventral acute 1) and
m-spondin (inhibits fusion in dorsal acute muscle 1). (B) Myotube elongation. Myotubes elongate in a bipolar manner on the epidermis towards the tendon cells that secrete
chemoattractant. At the ﬁlopodia-rich myotube membrane, Kon-tiki and Grip promote elongation, while Git provides a stop signal once at the target. In the cytoplasm, the
RNA regulator Hoi-polloi, via currently unclear targets, and the microtubule cytoskeleton, are required for elongation.
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backgrounds (Bahri et al., 2009; Enriquez et al., 2012), and during
normal development of the dorsal acute 3 muscle, which makes a
third transient attachment which is later resolved to form the
ﬁnal, bipolar structure (Enriquez et al., 2012). These observations
suggest that while bipolarity is clearly the ﬁnal end point for the
muscle, there is a degree of plasticity when searching out the right
target sites.
Muscles do not use integrins or their associated proteins to
elongate, as phenotypes arise once muscles have reached their
target sites (Brown et al 2002; Volk et al., 1990; Wright, 1960;
Zervas et al., 2001; Zervas et al., 2011). This is consistent with
many examples from ﬂies and other organisms in which integrin-
independent mechanisms are sufﬁcient to power migration
(Martin-Bermudo et al 1999; Urbano et al., 2011; Devenport and
Brown, 2004; Kardash et al., 2010; Lammermann et al., 2008).
While certain genes have been shown to regulate myotube
elongation (Fig. 1B), the underlying mechanisms have yet to be
clariﬁed. For example, mutations in the RNA-binding protein Hoi
Polloi (Hoip) lead to defects in muscle elongation, but Hoip
appears to predominantly regulate sarcomeric components, such
as Myosin Heavy Chain, in a post-transcriptional manner (Johnson
et al., 2013). As sarcomeric proteins are not known to have a role in
elongation, other targets of Hoip presumably contribute to elonga-
tion. Elongation is also promoted by the microtubule motor
protein Dyenin and the Dyenin regulator Lis1 (Folker et al.,
2012), while correct microtubule organisation, controlled by
RacGAP50C and the kinesin-like protein Pavarotti, appears to be
important for proper elongation and muscle shape (Guerin and
Kramer, 2009). These two studies implicate microtubule dynamics
in elongation, consistent with the conserved role of oriented
microtubules in controlling cell length (Picone et al., 2010). The
question is whether they directly impact on cell-substrate adhe-
sion, or are just a cell intrinsic mechanism that acts in parallel to
adhesion.
Some of the membrane components that regulate elongation
have been characterised. The kon-tiki gene (kon, also known as
perdido) was isolated from two independent genetic screens, one
for genes expressed in FCs (Estrada et al., 2007) and one for
mutations that altered embryonic muscle morphology (Schnorrer
et al., 2007). Ventral longitudinal muscles in Kon mutants fail to
migrate in a directed manner, project ﬁlopodia in all directions,
and end up rounded (Schnorrer et al., 2007). Kon is a single pass
transmembrane protein (Fig. 1B), and while its extracellular
ligands are not known, there is indirect data to suggest an
interaction with the α integrin subunit expressed in tendon cells,
αPS1 (Estrada et al., 2007). Within the myotube, Kon binds the
PDZ domain-containing protein Grip with its own PDZ domain.
Grip also shows similar muscle phenotypes when lost, including
speciﬁc effects on ventral muscles (Swan et al., 2004), suggesting
the Kon output depends on DGrip binding; how this interaction is
translated into muscle migration is currently unclear. Finally, the
fact that Kon is also enriched in mature MAS suggests it could play
further roles in muscle adhesion once migration is halted, and it is
tempting to speculate a role for direct integrin binding at this later
stage (Estrada et al., 2007). As discussed below, Kon also has
functions in building the adult musculature by controlling muscle-
tendon attachment and the structure of the sarcomeres (Perez-
Moreno et al., 2014; Weitkunat et al., 2014).
An intriguing aspect of Kon function in the muscles is its spatial
restriction. Kon protein is only seen accumulating in muscle ends
that project towards intersegmental attachment sites (Schnorrer
et al., 2007). This does not appear to reﬂect regulation by identity
genes: in the VA2 muscle, which makes attachments both within
and between segments, Kon only accumulates at the interseg-
mental tip (Schnorrer et al., 2007). Rather, some interaction with
the chemoattractant machinery that guides migration may be
involved. The Slit guidance molecule and its receptor Roundabout
are restricted to the intersegmental attachment sites (Kramer
et al., 2001), and so may promote site-speciﬁc protein recruitment
to the extending myotube membrane. Signals that are speciﬁc to
intrasegmental attachment sites, for example Wnt5 ligands
(Lahaye et al., 2012), would activate a different migration machin-
ery. A second aspect of Kon’s spatial restriction is functional: even
though expressed in the various muscle types that make interseg-
mental attachments, its loss only results in defects in the ventral
longitudinal muscles, suggesting compensation by other factors in
the other muscles. Clearly, elongation is an aspect of muscle
development that is regulated on a muscle-by-muscle basis.
Another protein that is enriched at tips of migrating myotubes
is the ArfGap Git (Fig. 1B), but while kon mutants lead to a failure
of normal extension, a subset of muscles in git nulls fail to stop at
attachment sites, overshooting their targets (Bahri et al., 2009).
This phenotype suggests that Git is part of the machinery that,
once the attachment site has been reached, halts migration. The
underlying mechanism might relate to its recently reported role in
the presynapse, where it regulates vesicle recycling (Podufall et al.,
2014), or its ability to bind adhesion and cytoskeleton proteins
such as Pax, the RhoGEF PIX, and p21activated Kinase (Randazzo
and Hirsch, 2004). Signals from the tendon cell also help arrest
muscle migration: this is revealed by mutations in Leucine-rich
tendon-speciﬁc protein, a gene expressed in tendon cells (Wayburn
and Volk, 2009).
Many questions about myotube migration therefore remain, for
example whether ﬁlopodial extensions serve merely sensory
functions to guide muscles towards target sites, or also have a
more mechanistic role in driving elongation. How does the muscle
membrane interact with the underlying epidermal substrate?
Non-canonical cell adhesion mechanisms may play crucial roles
in these processes.
Making stable attachments: The right extracellular environment
Once muscles reach their targets, they form stable MASs. MASs
come in two forms: indirect, in which muscles adhere both to
muscles in the adjacent segment and to tendon cells, via the
tendon matrix; and indirect, in which the muscle-tendon is the
only connection (Fig. 2A). MASs are required for the translation of
muscle contractility into body movement via tendon attachment
to the cuticle (just like vertebrate muscle contractility is trans-
mitted via tendons to move bones Schweitzer et al., 2010).
Integrins are enriched at the MAS (Fig. 2B) and function in both
the muscle and the tendon cells, but each site has distinct features.
For instance, there is differential heterodimer expression (tendon
cells express αPS1βPS and αPS2βPS integrins while muscle cells
only express αPS2βPS), and they form a connection to a distinct
cytoskeleton: the actomyosin contractile apparatus in muscles,
versus the apicobasal arrays of microtubules and actin in tendon
cells (Alves-Silva et al., 2008).
MAS formation depends on the right extracellular environ-
ment. A number of ECM components accumulate at MAS: Tiggrin,
Thrombospondin, one of the two Laminin trimers, LamininW
(containing the α1,2 subunit), Perlecan, and M-spondin (Bunch
et al., 1998; Chanana et al., 2007; Fogerty et al., 1994; Friedrich
et al., 2000; Martin et al., 1999; Subramanian et al., 2007;
Umemiya et al., 1997). Meanwhile, a basement membrane contain-
ing the type IV collagen Viking, Perlecan, Nidogen and the other
Laminin trimer, LamininA (containing the α3,5 subunit), surrounds
the muscle’s lateral sides (Alves-Silva et al., 2008; Friedrich et al.,
2000; Kamimura et al., 2013; Kuschegullberg et al., 1992; Pastor-
Pareja and Xu, 2011).
The roles of certain ECM components have been investigated.
Thrombospondin (Tsp) is secreted from tendon cells as the
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muscles migrate towards it, and then becomes enriched at the
tendon matrix of the MAS (Chanana et al., 2007; Subramanian
et al., 2007). In its absence, while muscle migration is unaffected, a
set of muscle phenotypes is observed. Some muscles are rounded
up, and others show ectopic attachment sites to other muscles that
are enriched for Tiggrin (Subramanian et al., 2007), suggesting
that, in the absence of Tsp, muscles still ‘want’ to form attach-
ments and in lieu of the tendon site, a muscle site will do. A
zebraﬁsh Thrombospondin, Tsp4, is also required for correct
muscle attachment: just as in ﬂies, loss of the muscle-ECM-
tendon connection leads to the rounding up of muscles upon
initiation of contraction (Subramanian and Schilling, 2014).
One of the proteins that might help mediate Tsp function in the
MAS is Slowdown (Slow), a protein containing an EMI protein–
protein interaction domain and EGF-like repeats known as NIM
repeats, which is secreted from tendon cells and co-immunop-
recipitates with Tsp (Gilsohn and Volk, 2010). In the absence of
Slow, βPS-containing integrins and Tsp accumulate prematurely at
the developing MAS, MAS morphology is more compact and
shorter, and, in larval muscles, muscles and tendons are torn
presumably owing to a failure to properly maintain the cell-ECM
connection (Gilsohn and Volk, 2010). Slow thus appears to con-
tribute to the proper construction of the MAS via its Tsp interac-
tion. The zebraﬁsh orthologue of Slow, EGFL7, has recently been
shown to bind integrin αvβ3 (Nikolic et al., 2013), raising the
possibility that Slow might provide an additional link between
the ECM (via Tsp) and integrins; the next step is to uncover why
the absence of such a link would lead to premature integrin and
Tsp accumulation at the MAS.
Tsp loss does not give as severe phenotypes as loss of integrins,
and neither does Tiggrin (Bunch et al 1998; Fogerty et al 1994) or
LamininW (Martin et al., 1999), while loss of M-spondin does not
give any phenotype (Umemiya et al., 1997). This suggests that
redundancy between these ECM components, and perhaps other
components yet to be identiﬁed, is at play in the MAS. What is
clear is that the relationship between ECM components and
integrins matures with the development of the MAS. Thus, while
Tsp and Tiggrin localisation to the MAS do not require integrins
(Fogerty et al., 1994; Subramanian et al., 2007), LamininW does: it
does not accumulate at the MAS in the absence of αPS2βPS
(Devenport et al., 2007). This paints a picture whereby early
accumulation of ECM components leads to further enrichment of
integrins, which then leads to the recruitment of another layer of
ECM components to complete the full ECM set.
The back-and-forth between the cell and the ECM in MAS
development is also seen in other contexts. In larvae, glia migrate
along the optic stalk to the eye disc in a manner that at least
partially requires integrins (Xie et al., 2014), and this migration is
enhanced by secretion of Lysyl oxidase-like (Lox), a protein thought
to be able to crosslink collagen (Kim et al., 2014). As revealed by
atomic force microscopy, knockdown of lox decreased the stiffness
of the matrix on which the glia migrate, and based on mutual
activation of expression a positive feedback loop was proposed
whereby Lox stiffens the ECM, enhancing integrin activity, which
both enhances migration and promotes increased lox expression
(Kim et al., 2014). In this case, as in the MAS, interplay between the
cell and its ECM promotes efﬁcient adhesion.
A ﬁnal consideration when discussing the extracellular environ-
ment of cells during development is that transmembrane receptors
other than integrins can inﬂuence the ECM, which in turn feeds back
to integrins. The Dystrophin-associated protein complex mediates
cell-ECM interactions in a number of contexts (Ehmsen et al., 2002).
Dystroglycan (Dg), the laminin-binding receptor of this complex, is
present in muscle cells, but interfering with its function leads to only
minor defects in muscle attachment in larvae (Haines et al., 2007),
and genetic nulls do not affect viability (Christoforou et al., 2008).
What does appear to be important is the suppression of Dg activity
speciﬁcally in tendon cells, mediated by microRNA translational
suppression (Yatsenko and Shcherbata, 2014). In the absence of
miRNA9, Dg protein is upregulated in tendon cells, and this leads to
incomplete MAS formation coincident with an increase in Laminin B
staining at the MAS (Yatsenko and Shcherbata, 2014; Laminin B is
the β chain of both laminin trimers in Drosophila). This phenotype






Myosin heavy chain Integrin
Fig. 2. Body wall muscles and muscle attachment sites (MASs). (A) MASs in cross-section, showing relationship of overlying cuticle, epidermis and underlying muscles.
Tendon cells are shown in yellow. Indirect attachment sites include muscle–muscle and muscle-tendon cell apposition, while direct sites include a single muscle-tendon cell
attachment. Only superﬁcial muscles are shown for simplicity. (B) Dorsal-lateral view of muscles of an early stage 17 embryo, prior to sarcomere formation. Muscles are
shown in magenta (Myosin heavy chain staining), and MAS in green (αPS2 integrin staining). Arrow shows indirect MASs of the dorsal oblique muscles (intersegmental
attachment). Arrowhead shows direct MASs of the lateral transverse muscles (intrasegmental attachment).
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authors propose that ectopic Dg in the tendon cell acts to alter the
ECM, which then feeds back to integrins to interfere with attach-
ment. It is another example of how the right extracellular environ-
ment, deﬁned by cell-ECM interactions, is key to the proper
formation of MAS.
Making stable attachments: Building the cytoplasmic complex
Integrins interact with ECM components and recruit a complex
of proteins, the IAPs, to the cytoplasmic side of the adhesion
(Fig. 3A and B). One of the key components of this link is Talin,
which can simultaneously bind βPS integrin (or the membrane)
with its head domain and Actin with a C-terminal actin-binding
domain (ABD) located in its long, ﬂexible rod (Calderwood et al.,
2013). The rod, which also contains a second integrin-binding site
(IBS2), has been shown to stretch under tension in vitro (del Rio et
al., 2009), and alternate between shorter and longer lengths in
cells in culture (Margadant et al 2011). Because binding sites for
other adhesion proteins, such as Vinculin, are revealed when the
rod is stretched (del Rio et al., 2009; Yao et al., 2014), Talin
provides a paradigmatic example for how tension across a single
molecule can regulate protein recruitment to adhesions. Talin
can also feed back to inﬂuence integrin activity for its extra-
cellular ligand, a phenomenon known as ‘inside-out’ activation
(Calderwood et al., 2013).
In ﬂies, Talin is essential for all integrin functions, as null rhea
mutants completely recapitulate the integrin phenotype (Brown
et al., 2002), and indeed show some phenotypes not seen in
integrin mutants (Becam et al., 2005), suggesting integrin-
independent roles. In the muscles, Talin loss leads to muscle
detachment and rounding up, as well as the failure to recruit
other IAPs Integrin-linked kinase (ILK), PINCH, Pax and Tensin
(Torgler et al., 2004; Zervas et al., 2011). A direct link to actin does
not appear to be necessary for Talin’s recruitment of other
proteins, however, but is required for the normal pattern of muscle
attachment (Franco-Cea et al., 2010). In terms of integrin binding,
the relative roles of IBS1 in the head and IBS2 in the rod have also
been studied: while both can mediate talin recruitment to the
MAS, IBS1 appears to be primarily responsible for integrin-ECM
attachment (Ellis et al., 2011, Tanentzapf and Brown, 2006), while
IBS2 is more important for the attachment Talin to the rest of the
IAC (Ellis et al., 2011).
The way that talin works in the relatively stable MAS appears to
differ to more dynamic adhesions. When Talin activity is increased,
following the failure of its autoinhibition, the dynamic morphogenetic
event of dorsal closure is slowed down, potentially due to over-
activation of integrins, while MAS development is unaffected (Ellis
et al., 2013). A similar phenomenon is seen during follicle cell migra-
tion during oogenesis. While integrin activity is required for follicle
cell migration and egg elongation (Haigo and Bilder, 2011), failure to
downregulate integrins in the trailing edge of the cells halts this
migration (Lewellyn et al., 2013). In more dynamic morphogenetic
events, ﬁne-tuning of integrin activation in time and space is critical.
Two other proteins thought to bind to the cytoplasmic tail
of β integrin and inﬂuence integrin clustering and activation are
Kindlin and Zasp. RNAi screening in primary muscle cell culture
Fig. 3. (A) Overview of the MAS and its relationship to the cytoskeleton. In tendon cells, integrins link ECM to arrays of actin and microtubules (MTs). In muscles, integrins
link ECM to actin and the contractile apparatus (the sarcomeres). Additional sites of integrin adhesion are found in costameres (only one side shown), where integrins are
connected to the Z lines. The MAS ECM is known as the tendon matrix and is distinct from the basement membrane that surrounds the muscle. (B) Recruitment pathways of
the MAS as deduced by genetics. Solid line indicates genetic knockdown leads to loss of MAS recruitment of the downstream protein. Dotted lines indicate predicted
recruitment. CAP recruitment by Vinculin is seen in the MAS but not the costamere, indicating the two adhesions are built differently. (C) ILK-GFP distribution in L1 larvae,
showing MAS enrichment. (D) Zasp-GFP distribution in L1 larvae, showing Z line enrichment.
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isolated the two Drosophila Kindlins, Fermitin 1 and Fermitin 2, as
genes that were required for the extension of myotubes: when
either was knocked down, muscles rounded up, mimicking integ-
rin loss (Bai et al., 2008). In a validation of the culture approach,
RNAi injected into embryos also showed muscle rounding, but
only when both were knocked down (Bai et al., 2008). This
suggests that there is redundancy between the two Fermitins in
ﬂies, which is interesting considering the distinct interactions and
functions reported for Kindlins 2 and 3 in mammalian cells (Huet-
Calderwood et al., 2014). In ﬂies, Fermitins are also implicated in
formation and function of the adult heart (Catterson et al., 2013),
but how they work with regards to Integrin function at the MAS is
currently unknown. While Zasp is a prominent component of the
Z-lines of the sarcomeres, it is also enriched at the MAS where it
may bind and activate integrins, and in its absence some muscle
detachment is seen (Jani and Schock, 2007), which results from
the detachment of integrins from the ECM consistent with a failure
to activate integrins (Bouaouina et al., 2012). Thus, at the cyto-
plasmic side of the membrane, Talin, Fermitins and Zasp an all
potentially bind β integrin; the question is how these activities are
coordinated to achieve stable adhesion.
Downstream of Talin, a group of proteins are necessary for the
formation of a stable attachment site (Fig. 3B), although less vital
than Talin or Integrin. Knockout alleles of Ilk, steamer duck (stck,
encoding PINCH) or parvin are embryonic lethal and all give
identical phenotypes at the MAS that are distinct from mys or rhea
phenotypes: a detachment of the actin cytoskeleton from the
membrane-ECM connection (Vakaloglou et al., 2012; Zervas et al.,
2001, 2011). ILK, PINCH and Parvin are thought to act as a complex
(Wickstrom et al., 2010), along with Rsu-1, which binds PINCH (Elias
et al., 2012) but is viable and shows no muscle phenotype but does
have blistering of the adult wing (Kadrmas et al., 2004). However,
which component provides (1) the link to integrins and (2) the link
to actin is unknown. It is also conceivable that the phenotypic
outcome does not reﬂect a role in directly linking the complex to
actin, but rather reﬂects a signalling route, for example.
Relying on phenotypic outcome to determine protein function
is not always straightforward. Some highly conserved IAPs at MAS
do not cause dramatic muscle phenotypes when lost (see Table 1).
One example is Pax, which like ILK, PINCH and Parvin requires
Talin for its recruitment to the MAS (Zervas et al., 2011). However,
its functional role at MAS is not clear: Pax mutants show defects
with earlier fusion events without altering MAS formation or
causing muscle rounding (Bataille et al., 2010). While pax nulls
are lethal, lethality occurs in the pupal stage, in contrast to the
embryonic lethality observed with mys, rhea, Ilk, stck and parvin
mutants (Brown et al., 2002; Clark et al., 2003; Vakaloglou et al.,
2012; Wright, 1960; Zervas et al., 2001). Another example is
Vinculin, which is thought to be crucial for the ability of focal
adhesions to sense and respond to changes in force across them
via interactions with actin and talin (Carisey and Ballestrem, 2011).
While being crucial for development in worms and mice (Barstead
and Waterston, 1991; Xu et al., 1998), its loss in ﬂies does not affect
viability (Alatortsev et al., 1997). Vinc mutants show only minor
defects in larval musculature, speciﬁcally an increase in the width
and decrease in ‘ﬂatness’ of the MAS (Bharadwaj et al., 2013).
Vinculin can bind CAP, the sole ﬂy orthologue of the CAP/Vinexin/
Ponsin family of proteins, and CAPmutants are similarly viable and
show the same larval MAS-widening phenotypes, albeit to a more
severe extent (Bharadwaj et al., 2013). Finally, two other IAPs,
Tensin (encoded by the blistery gene; Torgler et al., 2004) and Focal
adhesion kinase (FAK; Grabbe et al., 2004), do not result in muscle
phenotypes or affect viability when lost, although Tensin loss does
lead to wing blistering. Interestingly, even though Fak mutants are
viable, overexpression of Fak can lead to muscle detachment and
wing blisters (Grabbe et al., 2004). Wing blisters, which usually
result from a failure adhesion between the two epithelial layers of
the wing (Brown et al., 2000), can also be caused by overexpres-
sion of Pax (Chen et al., 2005). This suggests that even though Fak
and Pax have mild phenotypes when lost, too much of their
activity can be detrimental to the adhesion.
Each of these proteins is highly conserved, and has well-
deﬁned roles in modulating integrin adhesions in cell culture
and vertebrate model systems; the challenge for the ﬂy biologist,
then, is to uncover how the animal can live without them. Perhaps
the fact that most Drosophila genes are single copy means that
genetic redundancy (as a means of robustness) is shared not
among duplicated genes but different genes in the same network.
Alternatively, the lab condition itself may favour suppression of
the traits. This phenomenon has been uncovered in the regulation
of expression of the shavenbaby transcription factor: secondary
enhancers contribute to its expression, but this function is only
revealed when conditions deviate from optimal temperatures
(Frankel et al., 2010). Providing environmental stresses to over-
come phenotypic robustness may reveal cryptic functions of
apparently dispensable genes.
Genetic screens have been crucial to the success of Drosophila
as a model organism for developmental biologists, and have also
thrown up unexpected proteins involved in muscle development.
An example is moleskin (msk), which was identiﬁed in a dominant
suppressor screen for genes that suppress wing blisters resulting
from a gain of Integrin function (Baker et al., 2002). msk mutants
do not result in defects in muscle fusion or migration, but do show
defective attachment with muscles often rounded or misshapen
(Liu and Geisbrecht, 2011). As well as affecting Fak activation at the
MAS, Msk also appears to have non-autonomous effects on the
tendon cells: tendon cells lose normal activation of MAPK (an
indicator of Egfr pathway activity) in msk mutants (Liu and
Geisbrecht, 2011). Egfr pathway activity in the tendon cells is
usually activated by secretion of the Vein ligand from the
approaching muscles (Schweitzer et al., 2010), and thus Vein
secretion may in some way be inhibited by msk loss. Msk encodes
Drosophila Importin-7, which in other organisms plays roles in the
nuclear import of proteins. Indeed, earlier in development, Msk is
seen in the nucleus of blastoderm embryos, but in the muscle it is
enriched at the MAS. This relocalisation requires integrin function:
targeted integrin knockdown in the larval muscles with RNAi
using the Gal4/Gal80ts system (McGuire et al., 2003) led to the
relocation of Msk to the nucleus (Liu et al., 2013). This suggests
that the default localisation of Msk is nuclear, and this is overcome
by (currently unknown) signals from the forming MAS.
The functional role of Msk may be linked to its binding partner
Elmo. Elmo is a regulator of myoblast fusion earlier in develop-
ment, via a signalling pathway involving Myoblast city and Rac
(Geisbrecht et al., 2008; Liu et al., 2013). Hypomorphic elmo
mutations do not show defects in this earlier process but do have
muscle phenotypes similar to msk alleles. Elmo also requires msk
function for its recruitment to the MAS (Liu et al., 2013). Quite how
this complex is working at the MAS in the context of integrin
adhesion, and how this relates to earlier functions in fusion, is still
yet to be determined.
The myriad interactions that build the cytoplasmic adhesion
complex are thus being progressively uncovered, using a combina-
tion of forward and reverse genetics, gain and loss of function. The
challenge now is to narrow down subfunctionalisation: which
components do what in the context of the maturing adhesion?
Actin binding is one facet: among the proteins listed in Fig. 3B,
Talin, Parvin, Vinc and Tensin are thought to directly bind actin,
and actin regulators such as Arp2/3 and Ena/VASP are also
interaction partners for some of the proteins. There are thus
multiple ways that the adhesion can connect to, and regulate,
actin (Delon and Brown, 2007), consistent with adhesome data
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from vertebrate cell culture (Zaidel-Bar et al., 2007). Unpicking
these mechanisms is a key ongoing task.
Force and MAS stabilisation
Once the MAS is stably formed, integrin adhesion is required to
maintain the attachment during larval life, during which the
muscles and MAS grow considerably (this includes a fourfold
increase in the width of the MAS Yuan et al., 2010). This is shown
when integrins and associated proteins are depleted with RNAi
speciﬁcally in the larval period, which results in muscle detach-
ment (Liu et al., 2013), presumably due to a failure to anchor the
contracting muscles. A further developmental feature is that as
development proceeds, the protein components of the MAS
become less dynamic. As revealed by FRAP analysis, there is a
progressive decrease in the mobile fraction of βPS, ILK, Talin and
Tensin (Yuan et al., 2010), indicating that the adhesion is becoming
more stable. One of the key regulators of this transition appears to
be the increased tension experienced by the adhesion as muscle
contractility increases. Using temperature sensitive mutants that
increased contraction (breakdance) or paralysed the muscles
(paralytic), adhesion protein mobility was shown to inversely
correlate with the degree of force: increases in force led to reduced
turnover, and hence stabilisation (Pines et al., 2012).
Force is thus a key determinant of adhesion dynamics at the
MAS. However, it is not necessary for the initial establishment of
the MAS, which occurs prior to coordinated contraction, and
indeed does not require muscle myosin activity (Rui et al., 2010).
Similarly, loss of non-muscle myosin II does not alter integrin
localisation to the MAS (Bloor and Kiehart, 2001). In vertebrate cell
culture, the formation of focal adhesions or focal complexes from
nascent adhesions is dependent on actomyosin contractility
(Schwartz, 2010). Fly muscle development involves a later role
for contractility in mediating adhesion dynamics rather than
construction.
Integrins and sarcomeres
MAS transmit force from muscle contractions to tendon cells
and hence the overlying cuticle. The contractile elements of the
muscles are the sarcomeres, consisting of parallel myosin II thick
ﬁlaments interdigitated with actin-containing thin ﬁlaments
(Clark et al., 2002; Sparrow and Schock, 2009). At muscle termini,
actin links the sarcomere to the MAS, while in the sarcomeres the
actin ﬁlaments engage myosin at one end and at the other
terminate at Z lines via association with proteins such as α-
actinin. The Z line is linked to the membrane of the muscle (the
sarcolemma) via costameres, which are the second site of integrin
adhesion in the muscle (Fig. 3A). The fact that Integrins have two
sites of function in the muscle – the MAS and the costamere –
raises the question of whether the construction and function of
the two adhesion types differs.
Early work from ﬂies showed that, in addition to MAS enrich-
ment, βPS integrin was found in a striated pattern in larvae
consistent with a costameric localisation, and that, inmysmutants,
muscle cells failed to form Z lines properly both in the embryo and
in ex vivo culture (Volk et al., 1990). More recent work has shown
that in the absence of Myosin Heavy Chain (Mhc), Z lines are not
formed, and integrins lose their striated pattern, while mys
mutants lead to α-Actinin and actin coalescing in the centre of
the cell to aggregates from which Mhc is excluded (Rui et al.,
2010). The authors propose that while integrins are not required
for the association of thin ﬁlaments and Z lines, in their absence,
ﬁlaments are not anchored to the membrane and sarcomere
organisation is lost (Rui et al., 2010). Other IAPs such as Talin,
Ilk, Vinculin and CAP are also seen at costameres (Bharadwaj et al.,
2013; LaBeau-DiMenna et al., 2012; Zervas et al., 2011), albeit at
much lower levels, and on the extracellular side, ECM molecules
such as Tiggrin accumulate (Fogerty et al., 1994). There are
distinctions in the recruitment pathways to the costameres and
MAS: while CAP requires Vinculin for recruitment to MAS, its
costameric localisation does not (Fig. 3B; Bharadwaj et al., 2013).
This demonstrates that the same components can be put together
differently in the two adhesion structures.
As well as contributing to the sarcomere construction, integrins
are also required for their maintenance. Targeted gene knockdown
in post-assembly adult ﬂight muscles showed that reducing
integrin function progressively degraded the sarcomeric architec-
ture, leading to loss of the Z lines (Perkins et al., 2010). This effect
was reversible upon cessation of the RNAi, suggesting that even
though the mature adhesions are more stable (Pines et al., 2012),
they still undergo a sufﬁcient degree of turnover to re-establish
the sarcomeres (Perkins et al., 2010).
Recent work has expanded our knowledge of the proteins
involved in sarcomeric architecture in the ﬂy. thin (also known
as abba) encodes a Z line associated 3 ubiquitin ligase homologous
to TRIM32 in vertebrates, and in its absence Z lines are not formed
properly and βPS integrin, Talin and Vinculin are not seen in
striated patterns (Domsch et al., 2013; LaBeau-DiMenna et al.,
2012). As the phenotype was observed in the later larval muscu-
lature, this suggests that Thin mediates the maintenance and
integrity of the sarcomere during development, and the loss of
the costameric adhesion complex is probably an indirect conse-
quence. While Zasp has an earlier role in MAS formation
(Bouaouina et al., 2012; Jani and Schock, 2007), it is also highly
enriched at the Z lines (Fig. 3D, compare to ILK in Fig. 3C), required
for Z line formation via an interaction with α actinin (Jani and
Schock, 2007). Different Zasp proteins also cooperate to build
sarcomeres in adult ﬂight muscles (Katzemich et al., 2013). Finally,
the sole ﬂy member of the nebulin gene family, Lasp, controls the
length of the sarcomeres by interacting with both thin and thick
ﬁlaments and α actintin (Fernandes and Schock, 2014). How all of
these components interact with the costameric adhesion provided
by integrins is the next question.
We are only beginning to understand how integrin adhesion at
the costamere differs from adhesion in the MAS (Fig. 3B). One of
the problems is that genetic knockdown often leads to wholesale
loss of the structure, thus making it hard to determine direct
versus indirect effects on protein localisation. Thus, while Mhc is
not upstream of βPS at the MAS, it is in the costamere, but because
Mhc forms a crucial component of the sarcomere, the thick
ﬁlament, it is unclear how integrins could become localised to
costameres in the absence of the overall structure. Similarly, loss of
Talin at the MAS leads to the failure of recruitment of a host of
proteins, but considering both actin connection and integrin
activation would be severely compromised in its absence, some
of these interactions are likely to be indirect.
Other muscle types
Drosophila is a holometabolous insect, and this provides the
developmental biologist with a second round of de novo somatic
muscle formation beginning at the start of the pupal period with
the initiation of metamorphosis. In the thorax, the indirect ﬂight
muscles (IFMs) power ﬂight, and are categorised as the dorsal
longitudinals (DL), which use persisting larval muscles as a
template for myoblast fusion, and the dorsoventrals (DV), which
do not use larval templates (Fernandes et al., 1991).
Live imaging has recently revealed how DL muscle proceeds,
showing similarities and differences to formation of the larval
body wall muscles. Myoblast fusion with the larval templates leads
to formation of the myotubes, which form ﬁlopodia at their tips and
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migrate toward the tendon targets (Weitkunat et al., 2014). When
they reach their targets, there is a period of interdigitation with
extensions that are formed from the tendon cells, and this is
followed by the smoothening out of the connection, and compaction
of the muscle leaving tendons with long extensions (Weitkunat
et al., 2014). Thus, muscle-tendon connections are established in a
distinct way to the embryonic MAS. This process is dependent on
Kon: when it is knocked down with RNAi, even though the
myotubes form long ﬁlopodia at the tips, they are unable to mediate
tendon attachment, and this leads to the autonomous loss of βPS
integrin accumulation in the muscle and non-autonomous loss of
Short stop from the tendon cell (Weitkunat et al., 2014). The authors
propose that Kon establishes the initial attachment required to
recruit integrin and establish strong adhesions that withstand the
tension generated from internally generated constriction and the
anchorage provided by the tendon cells. The question remains as to
whether Kon recruits integrins directly, indirectly, or alternatively
that Kon and integrins function in parallel but interdependent
pathways to promote attachment. In the adult abdominal muscles,
knockdown of Kon causes misorientation and detachment pheno-
types, but in contrast to the IFMs does not perturb βPS integrin
localisation to MAS (Perez-Moreno et al., 2014), highlighting a
degree of context-speciﬁcity for the Kon-integrin relationship. As
well as powering ﬂight, IFM-tendon cell attachment in the notum
also provides a source of mechanical strain that contributes to planar
cell polarity in the epithelium (Olguin et al., 2011). This work
demonstrates how the MAS is a pivotal point of inter-tissue cross-
talk, as well as a structural link.
We have already seen how larval and adult myogenesis show
shared and unique features. The way that adhesion works in different
muscle types is also an interesting question. For example, βPS
integrins, presumably working with αPS3, accumulate on the luminal
side of the heart vessel, and are implicated in the polarisation of
cardioblasts during lumen formation (Vanderploeg et al., 2012).
Integrins are also enriched at the connections made by alary muscles
to the pericardial cells of the heart (Drechsler et al., 2013), as well as
connections made by the recently discovered thoracic alary-related
muscles that link parts of the gut to the exoskeleton (Boukhatmi et al.,
2014). The pericardial cells themselves attach to the heart tube via a
unique ECM containing Pericardin, a collagen required for heart
morphogenesis (Chartier et al., 2002), which is secreted from adipo-
cytes and enriched at the attachment site in a manner dependent on
the ADAMTS-like protein Lonely Heart (Drechsler et al., 2013).
Alary muscles make Integrin-containing contacts with non-muscle
cells during tissue morphogenesis. Transient adhesions are made to the
tip cells of the Malpighian tubules as the tubules extend through the
body cavity (Weavers and Skaer, 2013). The formation and dissolution
of these contacts occurs from posterior to anterior until forming a
permanent contact with the alary muscle at the boundary of abdom-
inal segments 3 and 4. In the absence of these adhesive contacts, the
whole tubule displaces to the anterior and loses its distinctive looped
shape, and reciprocally activation of integrins leads to the tubules
making stable attachments too quickly (Weavers and Skaer, 2013);
thus, a specialised cell in an epithelial tube anchors to muscles via
integrin to constrain anterior movement of the entire tube. Epidermal-
muscle attachments are not only involved in stable adhesion.
Integrin mediated adhesion is thus at play in other muscle
types and other kinds of muscle-epithelial cell interaction. They
provide us with interesting examples of how the same set of core
integrin components can be used to different ends.
Conclusion
Muscle development is one of the best-characterised develop-
mental processes in Drosophila development, and numerous
adhesion and cytoskeletal mechanisms ensure correct muscle
construction and function. Integrins are one piece of the puzzle,
particularly in the later stages of attachment and contractility, but
other adhesion systems, both known and predicted, are at play in
earlier stages. Recent work in characterising the proteins involved
has led to real advances in our understanding of adhesion
construction and dynamics, and raised a host of questions for
the years to come.
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